Background: Poor adherence to the disease-modifying therapies (DMTs) for multiple sclerosis (MS) may attenuate clinical benefit. A better understanding of characteristics associated with non-adherence could improve outcomes. Objective: To evaluate characteristics associated with non-adherence to injectable DMTs. Methods: Consecutive patients from four Canadian MS Clinics were assessed at three time points over two years. Clinical and demographic information included self-reported DMT use, missed doses in the previous 30 days, health behaviors, and comorbidities. Non-adherence was defined as <80% of expected doses taken. We employed generalized estimating equations to examine characteristics associated with non-adherence at all time points with findings reported as adjusted odds ratios (OR). Results: In all, 485 participants reported use of an injectable DMT, of whom 107 (22.1%) were nonadherent over the study period. Non-adherence was associated with a lower Expanded Disability Status Scale score (0-2.5 vs 3.0-5.5, OR: 1.80; 95% confidence interval (CI): 1.06-3.04), disease duration (⩾5 vs <5 years, OR: 2.23; 95% CI: 1.10-4.52), alcohol dependence (OR: 2.14; 95% CI: 1.23-3.75), and selfreported cognitive difficulties, measured by the Health Utilities Index-3 (OR: 1.55; 95% CI: 1.08-2.22). Conclusions: Nearly one-quarter of participants were non-adherent during the study. Alcohol dependence, perceived cognitive difficulties, longer disease duration, and mild disability status were associated with non-adherence. These characteristics may help healthcare professionals identify patients at greatest risk of poor adherence.
Introduction
The first disease-modifying therapies (DMTs) for the treatment of relapsing-remitting (RR) multiple sclerosis (MS) were approved in the mid-1990s, and continue to be used as first-line treatments for MS today. 1 Maintaining adherence to long-term therapies is notoriously challenging. 2 Estimates of adherence in MS vary widely; a recent review suggested that between 41% and 88% of persons are adherent to the DMTs. 3 As recognized by the World Health Organization, "Adherence to therapies is a primary determinant of treatment success. Poor adherence attenuates optimum clinical benefits and therefore reduces the overall effectiveness of health systems." 2 In MS, non-adherence has been associated with increases in MS-related hospitalizations and relapse rates. 4, 5 To improve adherence, an understanding of potentially modifiable factors that are associated with non-adherence is needed.
Measuring self-reported missed doses is a practical, efficient, and commonly used method in research and clinical practice. [6] [7] [8] Factors associated with missing doses in MS are varied, but include perceived lack of efficacy, adverse drug effects, and simply forgetting to inject. [6] [7] [8] [9] [10] Depression, anxiety, and cognitive difficulties have also been associated with poor drug adherence in MS; however, findings have been inconsistent. 3, 7, [11] [12] [13] Less is known about the effect of MS symptoms such as pain, fatigue, and other comorbidities. Having to manage complex coexisting conditions is an established determinant of poor adherence, 2 such that it is conceivable these conditions may influence adherence rates. Adverse health behaviors, such as cigarette smoking and alcohol dependence have not been well-studied in the context of MS and adherence. They may reflect a process of passive coping 14 which might also lead to poor adherence. If we can establish a demographic pattern of non-adherence, we could potentially develop a more targeted approach to improving adherence. We estimated adherence rates by accessing selfreported missed doses of the injectable DMTs in a cross-Canada prospective study and examined clinical and demographic patient characteristics potentially associated with non-adherence.
Methods

Study population
This DMT adherence study was nested within a broader study of MS patients, details of which have been reported previously. 15 Briefly, consecutive patients attending a routine visit at one of four MS Clinics in British Columbia, Alberta, Manitoba, and Nova Scotia were recruited between July 2010 and March 2011. Individuals were followed at three time points ("baseline," year 1, and year 2) which coincided with each participant's typical annual clinic visit schedule. To maximize response rates, followup questionnaires were also offered via telephone, mail, or email for individuals unable to attend their visit. Inclusion criteria for the study were as follows: a neurologist-confirmed diagnosis of definite MS or clinically isolated syndrome (CIS) according to the prevailing criteria; [16] [17] [18] age ⩾18 years; resident in the province where data collection was occurring; and ability and willingness to provide informed consent and to complete the study questionnaires in English. Specifically for this study, participants were included if use of an injectable DMT (interferon beta (IFNβ) or glatiramer acetate) was reported at least once during the study period (at baseline, year 1, or year 2). These injectable drugs were the predominant DMT for MS at the time of data collection, and the questionnaire specifically asked about the number of injections missed in the previous 30 days. Institutional ethics approval was obtained at all sites and participants provided informed consent.
Clinical and demographic information
Demographic and clinical information were captured from each individual's medical record using a standardized data abstraction form including sex, date of birth, date of MS symptom onset, clinical course (RR, secondary progressive (SP), primary progressive (PP), and CIS), as per the treating neurologist. Expanded Disability Status Score (EDSS) was captured at baseline and at each follow-up visit (categorized as mild (0-2.5), moderate (3.0-5.5), or severe (6.0+)). Highest education level achieved (categorized as high school or less, any post-secondary or more, and other) and race were also captured at baseline.
Participants completed questionnaires at the baseline, 1-, and 2-year follow-up visits. The questionnaire captured DMT use (by brand name) and number of missed injections in the previous 30 days. Comorbidities were recorded via a validated questionnaire; 19 the total number of physical comorbidities for each participant was calculated and categorized as 0, 1, or ⩾2. The Hospital Anxiety and Depression Scale (HADS) measured current symptoms of depression and anxiety. 20 Validated cut-off scores of ⩾8 on the HADS scale were used to define the presence of both. 21 The Cutting down, Annoyance by criticism, Guilty feeling, Eye-openers (CAGE) questionnaire was used as a screening tool, with a score of ⩾2 out of a possible four suggesting alcohol dependence. 22 Smoking status was captured as either "current" or "non"-smoker. Fatigue was measured using the Daily Fatigue Impact Scale, an 8-item scale, dichotomized as "no fatigue" (<5) and "any fatigue" (⩾5). 23 Health-related quality of life (HRQOL) was measured using the Health Utilities Index Mark III version (HUI-3), 24,25 a 15-item measure that assesses health state with respect to eight single-attribute scores: vision, hearing, speech, mobility, dexterity, emotion, cognition, and pain. These single attribute scores were combined into an overall score which can range from 0 (equivalent to death) to 1 (perfect health), which was categorized as "no to moderate disability" (>0.70) and "severe disability" (⩽0.70). 26 Individual attribute scales for pain and cognition were also examined separately as both are associated with MS, and with drug adherence in other patient populations. 6, 27 These were categorized as follows: pain that disrupts normal activities (yes vs no; ⩽0.77 vs >0.77) and moderate to severe cognitive difficulties (yes vs no; ⩽0.70 vs >0.70).
Quantifying adherence
The medication possession ratio (MPR) 3 was used to estimate adherence, calculated as the number of doses taken divided by the number of expected doses, expressed as a percentage at each study visit. An MPR of ⩾80% was considered adherent, and <80% as non-adherent 8, 11, 28, 29 (see Table S1 , Supplementary Tables for details) . This definition was chosen as it is a common binary cut-off in MS DMT adherence literature, 3 thereby lending itself to comparisons with prior research. Furthermore, nonadherence defined as <80% has been shown to be associated with important clinical outcomes in MS, including increased relapse rates, inpatient visits, and overall medical costs. 4 As a supplementary analysis, non-adherence was defined as any missed dose during the 30-day period (yes vs no).
Statistical analysis
Clinical and demographic characteristics of the DMT users were described as frequencies (percentages), mean and standard deviation (SD), or median and interquartile range (IQR). We employed generalized estimating equations (GEE) with an unstructured correlation matrix to examine characteristics associated with non-adherence at all three time points. This approach allowed for the simultaneous analysis of both patient characteristics and adherence measures from all three time points, accounting for correlations between the repeated measures for individuals. If a person was on a DMT at only one of the three visits, only this visit would be included in the analysis; if they were on a DMT at all three visits, all three would be included. Sex, race, and education were captured at baseline only and included as constant variables, while the remaining predictor variables were included as time-varying covariates over the three visits. We employed univariate logistic regression using GEE, followed by a multivariable logistic regression based on the significance (p > 0.1) of characteristics from the univariate analysis. To estimate the predictive effect of baseline non-adherence on non-adherence at follow-up (year 1 and 2), we used logistic regression modeling, adjusted for confounders (all measured at baseline). Findings were reported as odds ratios (ORs) with 95% confidence intervals (CI). Analyses were performed using the Statistical Analysis System (SAS) Software Package 9.4 (SAS Institute Inc., Cary, NC).
Results
Of 1632 patients who visited one of the four MS clinics, 949 consented and participated in the primary study, 15 of which, 485 reported use of an injectable DMT during the study period and were included in the analyses (Table 1) . Nine participants missed their year 1 visit, and 21 missed the year 2 visit, for a retention rate of 95.7%. Females and those of younger age and shorter disease duration were more likely to be on a DMT. The average age of DMT users was 45.5 years, average disease duration was 12.6 years, and most had RRMS (90%) ( Table 1) .
At baseline, 46% (435/949) of the participants were on a first-line DMT, which remained relatively steady over the follow-up period. The frequency of use for each DMT also remained largely stable over the follow-up period although use of the second-line DMTs, fingolimod and natalizumab, increased with time ( Supplementary Table S2 ).
At baseline, 11% (48/426) of participants were nonadherent (MPR: <80%), 13% (50/386) at year 1, and 14% (48/341) at year 2. The denominators reflect the number of responders to the question of missed doses. Non-responders at each time point totaled 9, 13, and 6, respectively ( Table 2 ).
During the entire study, 22.1% (107/485) of participants were estimated to be non-adherent at least once. Over half (51%; 255/485) of participants reported missing at least one dose of their DMT in the previous 30 days over the study period.
Findings from the longitudinal, uni-and multivariable analysis are shown in Table 3 . After adjusting for potential confounders, alcohol dependence, EDSS, disease duration, DMT product, and perceived cognitive difficulties were associated with non-adherence (Table 3 ). Those who met criteria for alcohol dependence had more than twice the odds of nonadherence compared to those who did not. Relative to participants with moderate disability (EDSS 3.0-5.5), those with mild disability (EDSS 0-2.5) were more likely to be non-adherent. Longer disease duration (⩾5 vs <5 years) was associated with increased odds of non-adherence. Glatiramer acetate users were more likely to be adherent relative to all three types of IFNβ (Table 3 ).
The odds of missing any doses were assessed in the supplementary analysis ( Supplementary Tables  S3 ). When adjusting for potential confounders in the multivariable model ( Supplementary Table S3 ), similar factors emerged as significant as in the primary adjusted analysis, including alcohol dependence, cognition, and DMT product. However, with this alternative method of assessing adherence, the odds of non-adherence were greater for the glatiramer acetate users (subcutaneous, daily) relative to the IFNβ-1a users (weekly intramuscular or subcutaneous three times per week). In addition, younger age and the presence of multiple physical comorbidities (⩾2 relative to none) were associated with a higher odds of non-adherence.
Finally, previous non-adherence (determined at baseline using the MPR) was associated with over four times the odds of future non-adherence at year 1 or 2 (OR: 4.42; 95% CI: 2.23-8.75), adjusting for sex, and Denominator represents the total number of participants who were on the specified DMT at each visit and who responded to the question "how many doses did you miss in the previous 30 days." Non-responders to this question at each time point totaled 9, 13, and 6, respectively. Numerator represents the number of people who were not adherent to that DMT. Percentages are shown in parentheses. baseline age, disease duration, EDSS, and alcohol dependence.
Discussion
Over one in five participants in this large, cross-Canada cohort reported missing more than 20% of their doses and less than half were fully adherent in the last 30 days. Our study identified specific characteristics that influenced the likelihood of adherence, including some modifiable attributes. These characteristics may put an individual at risk of non-adherence or be useful markers of future non-adherence for the treating health professional. Of the patient-related characteristics explored, previous non-adherence, alcohol dependence, perceived cognitive difficulties, longer disease duration, and mild disability (EDSS), emerged as factors associated with non-adherence.
Rates of adherence were stable over time, and within the range of estimates from previous studies; 3 however, variability in the definition of adherence makes direct comparisons between studies challenging. 3 Authors who also employed a MPR cut-off of 80% reported estimates between 70% and 85%, 8, 28 consistent with our overall adherence rate of 78%. Baseline non-adherence was the most significant predictor of future non-adherence in our study, suggesting that poor adherence is an enduring pattern of behavior for some individuals. This may also serve as a useful early marker of poor future adherence. These results are in concordance with another MS study 7 and in chronic diseases in general, 27 and may provide an opportunity for early identification of individuals who may benefit from additional, ongoing support.
Alcohol dependence was associated with twice the risk of non-adherence. We are aware of only one prior study examining this risk factor in MS, which found that alcohol was the strongest predictor of missed doses among people with MS living in Tasmania, Australia. 7 These findings may be of particular concern given the broader negative effects of alcohol dependence, 15 and given that individuals with MS have been reported as having high rates of alcohol dependence. 30 Smoking has not been extensively studied in relation to adherence; a single study that had examined the association in MS found no relationship, similar to our findings. 7 There was no association between mental health (anxiety or depression, measured by the HADS) and missed drug doses. This is consistent with another study using similar methods. 7 Other studies that used different measures for both mental health (e.g. Beck Depression Inventory) and adherence have shown an association between depression and missed doses in MS although neither considered the effect of alcohol use on adherence. 10, 11 In fact, one excluded patients who abused alcohol, 11 which could account for the conflicting results, as there is a complex and bidirectional relationship between alcohol dependence and depression. 15 However, depression can increase the likelihood of treatment discontinuation in MS. 31 Thus, further study of this issue is warranted; particularly given the high prevalence of mental health disorders in those with MS. 32 The risk of poor adherence increased with increasing disease duration, consistent with a previous study. 6 However, the odds of non-adherence modestly decreased with age, as observed in other disease states. 2 Interestingly, persons with mild disability (EDSS) were less likely to be adherent. These individuals may perceive themselves as having less serious disease and hence, are less motivated to take their medication. They may benefit from an open dialogue as to the rationale for taking drug and expectations related to drug treatment.
Overall, HRQOL and pain, as measured by the HUI-3, were not associated with adherence. However, selfreported cognitive difficulties as reported on the HUI-3 were consistently an important determinant of non-adherence in our study and in some other chronic diseases. 27 We found one other MS study in which the relationship between cognition and adherence was assessed. 11 Using an extensive battery of cognitive tests in 55 MS individuals, who were primarily taking glatiramer acetate, associations with adherence were found. 11 The HUI cognition scale, as used in our study, provides a more pragmatic option, being of lower burden to patients and feasible to implement in routine clinical practice. It specifically addresses forgetfulness, which might be the key element related to missed doses or poor adherence. 6 In previous studies, persons with multiple comorbid diseases have expressed challenges with adhering to their medication regimens, especially when on multiple medications. 33 Our findings suggest that MS patients with multiple physical comorbidities had increased odds of missing at least one dose of DMT; however, no relationship was found between the total number of physical comorbidities as categorized by 0, 1, or ⩾2 and adherence, when adherence was defined by the MPR.
Interestingly, the relationship between the different DMT products and adherence varied considerably, depending on the definition of adherence. Glatiramer acetate had the most frequent (daily) dosing schedule of the injectable DMTs. It was associated with better adherence relative to IFNβ, when adherence was defined as ⩾80% of expected doses taken, but not when using "any missed dose." Previous research has suggested that people do not adhere well to glatiramer acetate relative to IFNβ. 3 Together, these highlight the substantial impact that the definition and method for measuring adherence may have on findings. Clarity on this issue is important for future studies examining the clinical implications of poor adherence and when comparing study findings.
Our study included a large multi-site sample, had a high retention, and recruited from at least two sites which served as the only source of MS care in their regions, all suggesting that this was a representative sample of clinic-attending MS patients. A potential limitation was the use of self-report, such that our non-adherence rates might be considered conservative. However, this study used a specific recall period of 30 days, and collected the information via survey to reduce desirability bias as recommended elsewhere. 34 Reporting bias is a possibility; those that are more likely to report adverse health behaviors, such as alcohol dependence, may also be more likely to report their missed doses. There is also a possibility of recall bias, in that some participants, especially those with cognitive difficulties, may not remember how many doses they missed in the last 30 days.
Since the implementation of this study, several oral and other parenterally administered therapies have become available. A single study has reported better adherence among fingolimod users relative to users of the injectable therapies, 35 but determinants of nonadherence to the oral therapies have not yet been established. It is conceivable that the characteristics recognized in this study may also contribute to missed doses of oral therapies. Future studies should address this important question.
Adherence to medication is central in the treatment of chronic disease to help derive the maximum possible clinical benefit. In the wider medical literature, poor adherence has been linked to worsening morbidity, death, and increased healthcare costs. 36 In MS, poor adherence has been associated with an increased risk of MS relapse, and MS-related hospitalization. 4 In this study, nearly one-quarter of participants reported poor adherence to their DMT at least once during the study period, and over half were not fully adherent. Healthcare professionals should be aware of the greater potential for poor adherence among patients with low levels of disability, longer disease duration, and a history of poor adherence. Alcohol dependence and perceived cognitive difficulties were also important markers of non-adherence. Improving adherence is an ongoing process that involves patients, healthcare providers, and health systems. Enhancing communication between health professionals (including neurologists, general practitioners, nurses and pharmacists), patients, and their families; implementing educational interventions for those at risk; and addressing modifiable risk factors such as alcohol dependence could effectively improve health outcomes in individuals with MS and ultimately reduce costs to health systems. 36 
